Intrarenal distribution of urea and related compounds: effects of nitrogen intake.
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rg64.-Nitrogen and NaCl intake influence the excretion of urea. In rats maintained on a low-protein, high-salt intake the urea-to-inulin clearance ratio decreases to 0.01. In antidiuretic "low-protein" rats the urea concentrations in the inner medulla are higher than in the urine, whereas in rats on high-protein diet the urea concentration in the inner medulla is lower than in the urine. The specific activity of urea-Cl4 I hr after subcutaneous injection is approximately the same in plasma, renal cortex, and outer and inner medulla. The intrarenal distributions of acetamide and methylurea show the same pattern and are influenced by nitrogen intake in the same way as urea, whereas thiourea concentrations in urine are always higher than in the papilla. It is concluded a) that urea formation cannot account for papilla urea concentrations higher than urine concentrations; b) that the handling of urea and related compounds in the collecting duct changes in a similar way with changes in the nitrogen and salt intake; and c) that in the rat urea, methylurea, and acetamide are either reabsorbed in the collecting duct against their concentration gradients or bound by the papilla tissue. methylurea acetamide urea reabsorption thiourea urea excretion T HE HANDLING OF UREA by the various parts of the mammalian nephron and collecting duct is still not well understood.
From micropuncture data (4, 8, 17) it is evident that urea is added to the loop of Henle in the renal medulla but it is not clear where it comes from. Microcatheterization studies (7) have shown that a considerable fraction (one-third) of urea moving down the collecting ducts leaves the ducts before the urine reaches the renal pelvis. Ullrich et al. (I 6) have suggested that urea diffusing out of the collecting ducts re-enters the loops of Henle and thus is recycled.
The findings in sheep (I I) and rat (2) that the urea concentrations in the medulla can be much higher than in the urine when the animals are maintained on lowprotein diets cannot be explained by simple diffusion. Bray and Preston (2) have suggested that the urea is actively reabsorbed by the collecting duct, while others have suggested formation of urea in the papilla (3). This latter suggestion is based on the observation that urea is formed de novo in kidney tissue homogenates.
In the present investigation we used the slice analysis technique to study the effects of diets on the renal distribution pattern of chemical urea compared with CW labeled urea, thiourea, methylurea, and acetamide. Animals on high-and low-protein diets had profoundly different distribution patterns of urea. C14-labeled urea in both high-and low-protein rats was distributed identically to unlabeled urea giving, within the errors of determination, the same specific activity in blood and in all the zones of the kidney. The urea-related compounds were affected by diet in a manner similar to urea. Urea, acetamide, and methylurea concentrations in the inner medulla were higher than in the urine in low-protein rats.
METHODS
Three groups of female rats (groups A, B, and C), 150-300 g in weight, were maintained for at least 3 weeks on three uniform test diets (made to our specifications by General Biochemicals, Chagrin Falls, Ohio), containing 70, 37, or 7 % protein (Table I) . The osmotic load resulting from each of the three diets was kept constant per calorie by the addition of sodium chloride to the mediumand low-protein diets. Pitressin tannate in oil (75 mu/rat) was given intramuscularly 24 hr before the experiment, and water was withheld for the last 6 hr. (0) . U/P = urine to-plasma ratio; t/P = tissue-to-plasma ratio. * Maximum urea concentration measurea m any one of the three tissue samples from the inner medulla.
t These animals were given a urea load as described in text.
be counted simultaneously with a counting efficiency of 14 and 70 %, respectively.
However, since the maximum volume of aqueous sample kept in a one-phase solution is about 50 ~1, the method required relatively high activities. It is especially valuable, therefore, for work with small animals in which it allows a fast, simple, and accurate determination of Cl4 and H3 in any biological fluid. The quenching factor was the same in plasma, urine, and slice samples: 5-7 % for tritium, 1-2 % for Cl4 as determined by the internal standard method. Consequently, since all the values are given as tissue-toplasma or urine-to-plasma ratios, it was not necessary to correct for quenching.
It was found that thiourea is bound to plasma proteins when injected in vivo but not when mixed with plasma in vitro. We did not find methylurea and acetamide to be bound.
Ultrafiltration and protein-precipitation techniques both showed that at tracer concentrations about 50 % of the thioureapresent was protein bound. At higher plasma thiourea concentrations the percentage bound decreased. Since we were interested in the concentration of filterable thiourea in the plasma, determinations were made on protein-free plasma filtrates.
RESULTS
It has previously been shown in man, ruminants, and rodents that the fraction of filtered urea excreted, defined as (urea U/P)/(inulin U/P), at low urine flows is signifincantly lower on low-protein than on high-protein diets (I 0). This was also found to be true in the present experi- 3. Maximum concentration of urea in renal papilla of low-protein rats (ordinate) plotted against plasma-urea concentration (abscissa).
Papilla-urea concentration increases with increasing plasma concentration. 4. Urine-urea concentration-to-papilla-urea concentration in high- (0) and low-protein rats (0) (ordinate) plotted against filtered urea load (abscissa).
The urine-to-papilla ratio is unaffected by filtered urea load. (Fig. I ). Urea U/P ratios in group C were as low as 4-5 when the inulin U/P was 300-400. Previously, such low urea U/P ratios at low urine flows have only been observed in ruminants (I 3). In rodents a lowprotein diet without additional salt does not cause the urea U/P ratios to drop to this level (I 2).
Intrarenal distribution of urea. As shown previously (2, 12, 15) the concentration of urea in the renal tissue water inincreases from the cortex toward the papilla (Fig. 2) . In high-protein animals the maximum tissue concentration is always found in the papilla tip (I&).
In low-protein rats of group C the concentration in the kidney cortex and the outer zone of the medulla follows the same pattern as in high-protein rats but the maximum concentration of urea is not found at the very tip of the papilla. The distribution pattern in this group thus resembles that found in low-protein sheep, where the highest urea concentration was found in the inner stripe of the outer zone of the medulla (I I). In the rats, however, the maximum urea concentration was always found in the inner zone of the medulla.
The differences in urea concentration between the papilla and the final urine are perhaps more important (Fig. 2, Table 2 ). In high-protein rats there is a concentration difference between papilla and urine up to I, I 50 mM, the urine concentration always being higher than the tissue concentration.
In low-protein animals the urine urea concentration is always lower than the papilla concentration (up to 140 mM) in antidiuresis.
(In a small number of low-protein rats in urea diuresis concentration differences up to 300-400 mM have been observed (Table  2 ). The average urine-to-papilla concentration ratio for urea is I. 73 for high-protein, I .30 for medium-protein, and 0.35 for low-protein animals. Effect of jiltered urea load. Since the average filtered urea load is lower in low-protein than in high-protein animals, it was possible that the difference in intrarenal distribution pattern was caused by the difference in filtered load. Furthermore, the results by Bray and Preston (2) of urea distribution between papilla and urine in normal-protein rats during mannitol diuresis have suggested a correlation between papilla-to-urine concentration ratio and urine urea concentration.
To examine this problem rats on low-and high-protein diet were given a urea load (I o ml of a I M urea solution by stomach tube or IO ml of a 0.3 M urea solution s.c.). This was in some instances followed by an osmotic diuresis. Urine collection was not started until the urine flow had reached a steady rate. The increased urea load caused urine and papilla concentrations to increase in the low-protein rats (Table 2 , Fig. 3) . However, the increased filtered urea load and urine concentration had no effect on the urine-to-papilla ratio. This is illustrated in Fig. 4 , where the values obtained during urea loading are plotted together with values obtained under normal conditions. The urine-topapilla urea concentration ratio is apparently determined by dietary state and is unaffected by a 3o-fold increase in filtered load.
S'ecijc activity of renal tissue and blood. It has been suggested that urea is formed in the papilla or bound in the renal tissue. To examine these possibilities the specific activity of urea was determined in tissue and blood an hour after urea-C l4 had been administered when the plasma urea concentration had reached a constant level. If urea were formed de novo in the renal tissue at an appreciable rate we would expect to find a lower specific activity in the areas of the kidney where urea formation took place. Similarly, if urea were firmly bound and did not exchange readily with the tracer we might find a lower specific activity. As can be seen from Table 3 the specific activity is constant within the errors of measurements in all the zones of the kidney. While this finding does not support the hypothesis of urea formation or binding it does not exclude, on the other hand, the possibility that a small amount of urea is produced nor does it exclude the possibility that bound urea is being exchanged with the tracer. Distribution of in&n, urea, and related compounds in kidney tissue and the jnal urine in medium-protein rats. The data in Fig. 5 are taken from five groups of four rats each on a medium-protein test diet (37 % protein). Each group had an average inulin U/P between 5 IO and 530. The values in the graph represent tissue-to-plasma and urine-toplasma ratios.
There is a continuous increase in tissue concentrations from the cortex toward the papilla tip. The concentration decreases from I&, to I& for inulin and thiourea are not consistent and not significant.
(It seems possible that by cutting the tiny papilla tip some of the concentrated collecting duct fluid is squeezed out and therefore lost).
Inulin (and creatinine), among the tested compounds, shows the smallest medullary accumulation with the highest urine-to-papilla concentration ratio (U/I&). Thiourea accumulates more than inulin in the inner medulla and the U/I& ratio is less than 30 % of the same ratio for inulin. In a similar way, urea shows increased accumulation in the medulla with decreased U/I23 ratio (5 % of the inulin ratio).
The U/I& ratios for methylurea and acetamide equal the same ratio for urea. However, the three substances accumulate differently in the medulla. Effect of nitrogen intake on distribution and excretion of inulin, urea, and related compounds. It was shown that changes in nitrogen intake affect the intrarenal distribution and excretion of urea. The same changes in nitrogen intake, however, do not affect the distribution and excretion of inulin ; renal tissue concentrations and urine-to-papilla concentration ratio for a given inulin U/P remain the same. The distribution of thiourea, although its urine-to papilla ratio is always greater than unity, changes measurably with the protein intake (Fig. 6) rats the urine-to-papilla ratio is higher than in low-protein rats. This difference is not affected by the concentration of thiourea in the blood (in the range from IO-~ mM to I mM) or in the final urine.
Methylurea shows changes similar to urea; on a highprotein diet the urine-to-papilla concentration ratio is always above unity whereas low nitrogen intake causes urine concentrations to fall below papilla tip concentrations (Fig. 7) . The same is true for acetamide (Fig. 8) . In high-protein animals the urine-to-papilla ratio is of the same order of magnitude as for urea. In low-protein animals the ratio sometimes becomes considerably lower than for urea. In a small number of rats no Cl4 activity could be detected in the urine when acetamide was given in tracer amount.
Since the three compounds are exogenous substances and do not occur normally in the organism, it was possible to study the influence of wide variations in blood level and urine concentrations.
Except for acetamide in tracer amounts the distribution of the compounds was independent of the concentration in the blood or the final urine.
The relationship between the urine-to-papilla concentration ratios for urea and for the various compounds is illustrated in Fig. g ; there is evident correlation between the ratios for methylurea.
Although there is somewhat more scatter with acetamide, a general correlation is still apparent.
The distribution of the compound between papilla tissue and urine closely follows that of urea, independent of the concentration of the compound in the plasma or the final urine. It appears that the dietary state of the animal affect equally the handling of urea, methylurea, and acetamide.
Similar correlations exist between thiourea and urea although the thiourea concentration in the urine remains well above the tissue concentrations under all conditions. 
and low-protein rats (0). NO relationship between plasma concentration and intrarenal distribution.
DISCUSSION
The dietary intake of protein and salt apparently has a pronounced effect on the excretion and renal distribution pattern of urea. This effect has been shown before in rodents (2, I 2) and in ruminants (I I, I 3, I 4). However, in the present studies in which salt was added to the lowprotein diet (in an amount calculated to give the same solute excretion per calorie), the effect of diet on urea conservation was more profound than in experiments when only a low-protein diet was used (I 2). The change in urea excretion and renal distribution pattern was accompanied by a similar change in the distribution pattern of the urea-related compounds, methylurea and acetamide. It also affected the pattern of thiourea but to a much smaller degree.
HOW is the change brought about? The question still cannot be answered, but from the findings presented here it is possible to exclude certain possibilities. a) Since the filtered load of urea usually is lower in rats on a low-protein diet than in rats on a high-protein diet, it might be reasonable to suggest that the differences in excretory patterns of urea are caused directly by differences in filtered load. This suggestion is clearly not valid since the urine-to-papilla ratio in low-protein rats remained unchanged with so-fold increase in filtered urea load (Fig. 4) . Similarly, the urine-to-papilla ratios of acetamide and methylurea were unaffected by a I oo-to I ,ooofold increase in plasma concentration (Figs. 6-8 ). Since filtered load can be ruled out, it seems that the regulation of urea excretion depends entirely on changes in the tubular handling of urea. b) Evidence has been presented in support of the hypothesis that ADH increases the permeability of the collecting ducts to urea (5). The differences between the groups, however, cannot be caused by differences in B. TRUNIGER AND B. SCHMIDT-NIELSEN antidiuretic hormone since all groups of animals were in antidiuresis and were treated with Pitressin tannate in oil. In order to evaluate further the problem of the change brought about by diet, it is necessary to try to answer the following question : How do urea and urea-related compounds accumulate in the papilla? The following possibilities exist: a) The substance could be supplied by the loops of Henle, or b) by the vasa recta, or c) it could be formed de novo in the papilla, or d) come from the collecting ducts either by diffusion or active reabsorption.
a) It is highly unlikely that the loops of Henle supply the urea to the tissue since micropuncture data have shown that the amount of urea present at the tip of the loop and in the early distal convolutions is greater than in the proximal tubules. b) The possibility that urea is secreted by the vasa recta seems highly unlikely.
At the moment the function of the vasa recta is considered to be that of a passive countercurrent-exchange system only. c) It has been suggested that urea is formed in the tissue either through arginase activity or through breakdown of purines (3). These possibilities cannot be excluded, but it is unlikely that de novo urea formation contributes substantially to the urea pool in the papilla. The reasons for this statement are : I) If a significant amount of urea were formed in the kidney we should expect the specific activity of Cl*-labeled urea to be lower in the zone where the formation took place than in the blood. The specific activity, however, was found to be the same (within the accuracy of our methods) in blood and in all sections of the kidney.
2) If the finding in low-protein rats of a urea concentration in the papilla higher than the urine concentration were due to urea formation in the tissue, we should expect that other substances related to urea would not show such a distribution.
However, the results show that both methylurea and acetamide can accumulate in the papilla tissue in concentrations higher than in the urine. 3) Furthermore, we should not expect the concentration in the tissue to increase with increasing filtered load since we would not expect the rate of urea formation to be dependent on the filtered load of urea. However, the tissue concentration has been found to increase with the filtered load while the papilla-to-urine concentration ratio remains unchanged in the low-protein rats (Table   2; Figs. 3, 4).
d) The fourth possibility, that urea in the papilla is derived from the collecting ducts, thus seems the most likely. In support of this suggestion is the finding (7) that urea leaves the collecting duct during the passage through the inner medulla. Berliner et al. (I) the low-protein rats, however, this can be true only if urea is not present in free form but is bound in the tissue. This hypothesis is neither supported nor can it be excluded on the basis that specific activity of urea was found to be the same in the blood and tissue. However, if urea is bound we must also assume that acetamide and methylurea are bound. Furthermore, we would have to assume that the absolute amount of urea, methylurea, and acetamide that is bound varies proportionally with the plasma concentration since the papilla-urea concentration increases proportionally with plasma-urea concentrations (Fig. 3) . The same is true for acetamide and methylurea (Figs. 7, 8) . If the compounds are not bound in the tissue the movement out of the collecting duct must be due to active transport.
If a compound is actively transported we would expect the amount reabsorbed to increase proportionally with the rate of delivery to the site until the tubular maximum was reached; therefore the increased concentration in the tissue of the compounds with increased plasma concentration could be expected. It seems likely that methylurea and acetamide could be transported by the same mechanism as urea. In the shark both methylurea and acetamide are found to be actively reabsorbed by the renal tubules which also reabsorb urea actively; thiourea, on the other hand, is not reabsorbed by the shark tubules (in preparation).
It has recently been shown by autoradiography (6) that the concentration of urea inside the collecting ducts is considerably lower than the urea concentration in the surrounding tissue. This was found in high-as well as in low-protein rats. In high-protein rats the concentration in the collecting ducts near the tip of the papilla becomes almost equal .-I 6 .
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1.2 1.6 2.0 0 0.4 0.8 1.2 1.6 2.0 Urea U/IZ Urea U/IZ to that of the tissue. In low-protein rats it remains lower than in the tissue all the way to the tip. Experiments with sheep with the same urea-related compounds have given essentially the same results concerning excretion and distribution pattern on normaland on low-protein diet (in preparation). A mathematical treatment of the results favors the conclusion that urea is transported out of the collecting ducts under both conditions but that the transport rate is increased in the animals adapted to a low-protein diet (in preparation). The most important question now appears to be the location of the urea that is found outside the collecting ducts. The autoradiography studies on rat kidneys have shown that urea is not evenly distributed outside the collecting ducts, but the exact location of the highest concentrations cannot be determined. Micropuncture studies on hamsters on high-and low-protein diet (without extra salt) have shown the urea concentration in the collecting ducts to be higher than in the loops of Henle (4). It is possible that the urea is found inside the cells or in the vasa recta. However, further speculations are futile until micropuncture studies, tissue slice analysis, and autoradiography have been performed on the same animals under the same experimental conditions. Such studies are in progress.
The role of urea and its related compounds in the concentrating mechanism has been investigated by Rabinowitz and Kellogg (g), who found that urea, methylurea, and acetamide but not thiourea enhance the concentrating ability.
If the concentration ability is enhanced by the accumulation of these substances in the papilla then our results are in good agreement with theirs.
